Recently, studies in animal models demonstrate potential roles for clathrin and AP1 in apical protein sorting in epithelial tissue. However, the precise functions of these proteins in apical protein transport remain unclear. Here, we reveal mistargeting of endogenous glycosyl phosphatidyl inositol-anchored proteins (GPI-APs) and soluble secretory proteins in Madin-Darby canine kidney (MDCK) cells upon clathrin heavy chain or AP1 subunit knockdown (KD). Using a novel directional endocytosis and recycling assay, we found that these KD cells are not only affected for apical sorting of GPI-APs in biosynthetic pathway but also for their apical recycling and basal-to-apical transcytosis routes. The apical distribution of the t-SNARE syntaxin 3, which is known to be responsible for selective targeting of various apical-destined cargo proteins in both biosynthetic and endocytic routes, is compromised suggesting a molecular explanation for the phenotype in KD cells. Our results demonstrate the importance of biosynthetic and endocytic routes for establishment and maintenance of apical localization of GPI-APs in polarized MDCK cells.
| INTRODUCTION
The establishment and maintenance of asymmetric protein distributions in the apical and basolateral plasma membranes are indispensable for the physiological functions of epithelial cells. 1 Individual proteins destined to a specific plasma membrane domain possess specific signals required for their proper localization through the actions of various cellular machineries that translate these signals. 2, 3 For basolateral proteins, sorting signals are localized in cytoplasmic domains and resemble motifs used at the cell surface for the regulation of clathrin-mediated receptor endocytosis. 2 Clathrin and clathrin-associated adaptor complexes are known to be involved in found in different apical-destined proteins. 13 The GPI-anchor is a conserved glycolipid that attaches numerous proteins to the plasma membrane. 14 Most GPI-APs are located at the apical surface in epithelial cells; therefore, GPI anchoring was originally thought to function as an apical sorting signal. However, several endogenous GPI-APs are still secreted apically even when lacking the GPIanchor. [15] [16] [17] [18] N-glycosylation was shown to be involved in apical targeting for some, but not all, GPI-APs. [18] [19] [20] [21] N-and O-glycans also drive the sorting of several apical-destined transmembrane and soluble secretory proteins. Proteins of the luminally localized galectin family have been proposed to mediate glycan-mediated apical protein sorting. 13, 22 However, unlike other protein transport pathways, 23 no information concerning the cytoplasmic coating proteins responsible for cargo sorting and/or the formation of apical-destined carrier vesicles are available. 24, 25 Several studies in animal models demonstrate potential roles for clathrin and AP1 in apical protein sorting in intestinal epithelial tissue. [26] [27] [28] [29] However, the precise trafficking functions of these proteins in apical protein transport remain unclear. Therefore, we initi- Moreover, using this approach apical sorting and KD efficiency can be accurately correlated at single cell level ( Figure S2B,C) . At steady state, 77% of the total surface SNAP signal localized at the apical side in control cells ( Figure 1C,D) . Assuming apical-to-basolateral plasma membrane surface area ratio of 1:1 as described in References 31,32 such apical sorting ratio corresponds to a 3 times higher GPI-AP concentration at the apical membranes than the basolateral membranes. In the case of a loss-of-sorting, the apical sorting ratio would decrease to 50%. We observed a significant decrease in the apical distribution of the SNAP signal in CLTC KD cells, 39%; in simultaneous AP1M1 and AP1M2 (AP1M1/2) KD cells, 47%; and in AP1G1 KD cells, 50%
( Figure 1C,D) . This significant decrease of apical SNAP-CD59 was observed neither in single AP1M1 KD cells nor in single AP1M2 KD cells, suggesting that both AP1A and AP1B adaptor complexes fulfill a redundant function in the apical localization of SNAP-CD59 (data not shown), an observation consistent with a similar redundancy reported for basolateral protein sorting. 8 The apical sorting ratios observed for the different KDs therefore suggest a complete loss-of-sorting and even reversed polarity. This will be discussed more in depth latter in this manuscript.
In addition to decreased apical localization, we observed an intra- (Figure 2A ), confirming the integrity of the tight junction barrier to negatively charged molecules. 34 Note that here the signal intensity of basolaterally labeled 35 Additionally, the polarized distribution of GP135 is suggested to be mediated by association with actin filament. 36 Even though, GP135 apical localization may be established by means different than the ones used by other apical-destined proteins including GPI-APs, [35] [36] [37] [38] it is interesting to note that clathrin might be partially involved in its polarity maintenance. Analysis of KD cells by electron microscopy showed no obvious defects in the polarized monolayer including cell size, height and density of microvilli and tight junction structures ( Figure 2B ). A similar lack of obvious defects in the tight junctions of CLTC and AP1M1/2 KD cells has been reported previously. 7, 8 We observed only minor intracellular accumulation of E-cadherin in AP1M1/2 KD cells. In our study, only single rounds of siRNA transfection were performed and more than 20% of proteins and mRNA were still detectable in CLTC and AP1M1/2 KD cells ( Figure 1A ,B). Other works were characterized by more stringent E-cadherin relocalization phenotype in association with greater KD efficiencies. 7, 8 These differences suggest that apical targeting of SNAP-CD59 might be more sensitive to the downregulation of CHC and AP1 complex than the basolateral localization of E-cadherin. It has been observed that higher amounts of GPI-APs are missorted to the basolateral surface in the early polarization stage in MDCK cells and that this missorted fraction progressively decreased over several days. 39 We suspected that the significant defect in apical localization of Based on the assumption that there is no significant change in the ratio of apical-to-basolateral surface area, the reduction to 50% of apical localization of endogenous GPI-APs in these KD cells means that there is very little, if any, sorting of endogenous GPI-APs.
| Apical biosynthetic delivery of GPI-APs and various endogenous secretory proteins is affected in CHC and AP1-silenced cells
The decreased steady state apical localization of GPI-APs in various KD cells can be caused by defects, alone or in combination with (1) apical biosynthetic delivery, (2) to the basolateral plasma membrane along biosynthetic secretory pathway can be corrected via endocytosis and retargeted to the apical plasma membrane. This back-up mechanism is partially defective in CHC and AP1-silenced cells.
In this set of experiment in all conditions, we did not observe any intracellular accumulation derived from the internalization of surface labeled SNAP-CD59 ( Figure 5 ). However, we tested the colocalization of intracellular SNAP-CD59 stained with membrane-permeable SNAP substrates as shown in Figure 1 with endocytic markers. We did not observe any significant colocalization between the intracellular SNAP-CD59 with EEA1 (marker of early endosomes) nor with the Lamp1
(marker for late endosome and lysosomal) (data not shown). Unfortunately, we could not get any conclusive data concerning the potential used conventional surface biotinylation assay. 8, 56 As SNAP substrate labeling is irreversible and monovalent, we can easily track the movement of proteins that initially labeled by fluorescent substrates at each plasma membrane domain by microscopy. Therefore our assay is a good alternative to frequently used antibody-based transcytosis assay 57 without time-consuming production of specific antibody and diminishing the risk of effect on trafficking step by antibody induced dimerization/oligomerization. This is particularly important for GPI-APs because dimerization and oligomerization status of GPI-APs are known to have significant effect on their various trafficking steps.
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3.4 | Significant contribution of endocytic sorting for maintenance of the apical localization of GPI-APs in polarized epithelial cells
Using our novel assay, we revealed the significant contribution of the endocytic sorting process for the steady state localization of SNAPtagged GPI-APs in polarized epithelial cells. We propose that a significant amount of apical SNAP-CD59 is constantly internalized and sorted efficiently back to the apical membrane in control cells. This is based on the observation that only 55% of apically labeled SNAP-CD59 localized in the apical domain in AP1M1/2 KD cells compared to the 84% measured in control cells ( Figure 5B,C) . This is reminiscent of the observation that AP1, particularly AP1B, is required for basolateral recycling of basolateral-destined proteins such as the transferrin and the lowdensity lipoprotein receptors in various polarized epithelial cells. [10] [11] [12] We think that the lower apical recycling efficiency in AP1M1/2 KD cells is most probably caused by defects in endocytic sorting. Previous studies in polarized MDCK I cells revealed that approximately 40% to 50% of both the apical and basolateral surface area is endocytosed per hour and a fluid phase marker incorporated apically was equally recycled to apical domain or transcytosed to the basolateral domain, 45% along each route. 61, 62 These studies suggest that lack of sorting along the endocytic pathway could cause rapid mixing of the 2 domains. Biosynthetic delivery of CD59 occurs preferentially to the apical membrane as shown previously for other GPI-APs in MDCK II cells. 39, 63 Nevertheless, our results formally demonstrate the significance of apical recycling after endocytosis in the maintenance of the preferential apical localization of GPI-APs.
We also found that efficient transcytosis of SNAP-CD59 from the basolateral to the apical membrane occurred in control cells and that this was severely impaired in CLTC KD and AP1M1/2 KD cells. Previously the transcytosis of GPI-APs was thought to occur only during the early stage of polarization 64 but not in fully polarized MDCK II cells. 39 The fact that transcytosis was not detected in the previous studies is likely due to the fact that basolateral GPI-APs represent only a small fraction of the total proteins due to preferential apical biosynthetic delivery of GPI-APs in fully polarized cells. In contrast, using our SNAPbased assay, we could observe the efficient transcytosis of the basolateral SNAP-CD59 in fully polarized cells cultured for 7 days on the filter (unpublished observation). This is likely due to the high sensitivity of domain-specific SNAP labeling methodology. It has been recently shown that a GPI-AP, the Prion Protein, whose biosynthetic secretion is preferentially localized to the basolateral domain unlike conventional GPI-APs, undergoes basal-to-apical transcytosis in polarized MDCK cells. 57 Considering that there is constant endocytosis under physiological conditions in polarized epithelial cells as mentioned above, we believe that basal-to-apical transcytosis mechanism contributes to the maintenance of apical localization of wide variety of GPI-APs.
It is interesting to point out that in CLTC KD cells, the defect in transcytosis of SNAP-CD59 from the basolateral to the apical plasma membranes is more remarkable than that of apical recycling. This might be explained by a lower rate of endocytosis of GPI-APs in CLTC KD cells. However, considering several studies have reported clathrin and dynamin-independent endocytosis of GPI-APs in nonpolarized cells, [65] [66] [67] the effect of CLTC KD on GPI-AP transcytosis might be an indirect consequence. Further studies to reveal requirements for endocytosis of GPI-APs from both surface domains in polarized epithelial cells will clarify this point.
3.5 | How do clathrin and AP1 contribute both biosynthetic delivery and endocytic sorting of apicaldestined cargo proteins?
In this study, we present the involvement of CHC and AP1 in both biosynthetic delivery and endocytic sorting of GPI-APs. How do we explain the involvement of these molecules in 2 different events? In regard to our results, syntaxin3 mislocalization to the basolateral membranes observed in the KD cells is sufficient to explain the defects in apical sorting upon secretion and recycling even though we could not rule out the direct involvements of CHC and AP1 as apical protein sorting machineries in both pathways. The syntaxin 3 contains an apical targeting signal, the FMDE motif in the cytoplasmic region and this motif is conserved among apical t-SNAREs, syntaxins 1, 2 and 3. 49 Recent study shows that axonal syntaxin 3 localization is also required for polarized axonal trafficking in neurons. 68 To the best of our knowledge, apical sorting adaptor and/or machinery involved in apical sorting of these t-SNAREs have not yet been identified and therefore in light of these observations, AP1
would be a potential candidate. 
| MATERIALS AND METHODS

| Cells and reagents
| RNAi by oligonucleotides
Oligonucleotides for RNAi were purchased from (Dharmacon/Thermo 
| Monolayer integrity assay
| Monolayer permeability assay
To determine epithelial monolayer permeability, radiolabeled V-CD59 was added to the apical side of the monolayers. After 2 hours, the apical (A) and basolateral (B) media were recovered, V-CD59 was immunoprecipitated, separated by SDS-PAGE, and revealed by PhosphorImager analysis. 
| Apical recycling and transcytosis assays
